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Abstract
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The present experiment examined the influence of excitotoxic lesions of the basolateral amygdala
(BLA) on morphine-induced saccharin avoidance. Neurologically intact subjects rapidly learned to
avoid drinking the taste conditioned stimulus (CS), an effect that was sustained throughout the
experiment. Although the BLA-lesioned (BLAX) rats showed CS avoidance over the first few trials,
the effect was not sustained. That is, by the end of the experiment, the BLAX rats were drinking the
same amount of saccharin after seven saccharin-morphine trials as they did on the first trial (i.e.,
prior to the morphine injections). Potential interpretations of the results are discussed including a
disruption of the mechanism that governs drug-induced taste avoidance in normal subjects and the
more rapid development of tolerance in BLAX rats.
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1. Introduction
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The amygdala is a component of the central gustatory system (for reviews see [6,21,47]). In
the rat, taste information from the mouth synapses first in the nucleus of the solitary tract and
then in the parabrachial nucleus in the dorsolateral pons. From the parabrachial nucleus, taste
information ascends to the forebrain along two major pathways, frequently referred to as the
dorsal and ventral pathways. Taste information in the dorsal pathway travels along axons from
the parabrachial nucleus to the parvicellular division of the ventral posteromedial nucleus of
the thalamus, also known as the gustatory thalamus (GT). From the GT, neurons project to the
insular cortex (IC [16,27]). Taste information traveling in the ventral pathway is not as
straightforward. Axons from the parabrachial nucleus send taste information to a number of
nuclei including the lateral hypothalamus, the bed nucleus of stria terminalis and the central
nucleus of the amygdala. Additionally, interconnections exist between the central nucleus of
the amygdala and the basolateral amygdala (BLA [39]), the central nucleus of the amygdala
and IC [30], and the BLA and IC [17].
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Central gustatory nuclei have been implicated in a number of taste-guided behaviors including
the avoidance that occurs when a taste conditioned stimulus (CS) is followed by administration
of a drug of abuse unconditioned stimulus (US) such as morphine, cocaine or amphetamine
(e.g., [2–4,8,44,45,48]. More specifically, lesions of the GT [10,42] and IC ([7,19,43] see also
[22,51]) each disrupt drug-induced taste avoidance. The specific aim of the present experiment
was to investigate the role of the BLA in morphine-induced saccharin avoidance. Given the
anatomical interconnectivity between the GT, IC and amygdala, and the avoidance deficits
consequent to lesions of the GT and IC, our expectation was that BLA would also have a role
in morphine-induced saccharin avoidance. To examine this issue, neurologically intact
(SHAM) subjects and BLA-lesioned (BLAX) rats were given eight conditioning trials, each
trial spaced 72 hr apart, in which 15-min access to the saccharin CS solution was followed by
administration of the drug US (morphine or saline).
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To the best of our knowledge, there are no published studies on the effect of BLA lesions on
psychoactive drug-induced taste avoidance. There are, however, a few studies that have
examined the effects of BLA lesions on toxin-induced conditioned taste aversions (CTAs; for
reviews see [40,41]). Our work indicates that BLA lesions disrupt CTA acquisition only when
the taste CS is novel ([46] see also [25,26]), a deficit that we attribute to a misperception of
taste novelty [20]. Accordingly, to maximize the likelihood of finding a BLA lesioned-induced
deficit in this initial research we intentionally used a novel 0.15% saccharin solution as the CS.
Similarly, to afford comparability with our GT and IC lesion studies, a 15 mg/kg dose of
morphine was used as the US.

2. Materials and methods
2.1. Subjects
Male, CD-IGS rats purchased from Charles River Laboratories (Portage MI) were used in this
experiment. All rats were housed individually in hanging, stainless steel cages in a room
maintained on a 12-hour light/dark cycle (lights on at 7:00 am). Rodent chow (Lab Diet® 5012,
PMI Nutrition International, Brentwood MO) and water were provided ad libitum unless
otherwise noted. The University of Illinois at Chicago’s Animal Care Committee approved all
procedures. At all times, rats were treated according to guidelines recommended by the
National Institutes of Health [28] and the American Psychological Association [1].
2.2. Surgery
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Three treatment groups were utilized: bilateral N-Methyl-D-aspartic acid (NMDA) lesions of
the BLA (Group BLAX), BLAX surgery without the NMDA infusion and anesthesia without
surgery. The latter two groups were combined and served as the control group (Group SHAM).
At the time of surgery/anesthesia, all rats weighed between 300 and 314 g. Rats were
anesthetized with sodium pentobarbital, 70 mg/Kg IP. Once anesthetized, each animal
undergoing surgery received bupivicaine (Hospira Inc, Lakeforest IL), 1.25 mg/Kg
subcutaneously at the incision site, and meloxicam (Metacam®, Boehringer Ingelheim, St.
Joseph MO), 1 mg/Kg subcutaneously for analgesia. Meloxicam at the same dosage was
repeated once daily for two days post-operatively. The head was shaved and the rat placed in
a stereotaxic apparatus with blunt earbars (ASI, Warren MI). Body temperature was maintained
at 37°C throughout the procedure using a Homeothermic Blanket Control Unit (Harvard
Apparatus, Holliston MA). The scalp was prepared with betadine and alcohol. A midline
incision was made, tissue cleared from the skull and the head leveled between bregma and
lamda by adjusting the bite bar. Trephine holes were drilled over the BLA, bilaterally. For rats
in the BLAX group, sterile glass capillary pipettes (tips 70–80 μm in diameter) were backfilled
with 0.15 M NMDA (Sigma, St. Louis MO) and lowered into two infusion sites per hemisphere.
Coordinates used for site 1 were: A/P −1.5 mm, M/L +4.6 mm, D/V −6.9 mm and for site 2;
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A/P −2.3 mm, M/L +4.8 mm, D/V −7.5 mm. The NMDA was iontophoretically infused into
the target locations with a Midgard Precision Current Source (Stoelting, Wood Dale IL) using
a 0.25 mm diameter silver wire with a current of −10 μA for 3.5 min at site 1 and 4 min at site
2. The infusions were repeated in the other hemisphere utilizing a new, NMDA backfilled
pipette. For half of the rats in the SHAM group, a sterile glass capillary pipette was backfilled
with sterile 0.9% saline, lowered into the BLA, bilaterally, and removed without being
connected to current. All incisions were closed with 4-0 monofilament non-absorbable sutures,
which were removed one week postoperatively. For the remaining rats in the SHAM group,
anesthetic was administered without further manipulation. All animals received 10 ml of warm
(37°C), 0.9% saline subcutaneously after surgery and/or anesthesia, were placed under a heat
lamp until recovered from anesthesia and then returned to their home cage.
2.3. Procedure
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Rats were allowed to recover from surgery/anesthesia for a minimum of 9 days. Thereafter, all
rats were placed on a water deprivation schedule which allowed 15 min access to water each
day in the home cage. On this schedule, water intakes stabilized after 10 days at which time
animals were divided into four groups based on their surgical treatment (SHAM, BLAX) and
whether they were to receive injections of 15 mg/Kg morphine sulfate (Morphine) or a
comparable volume of 0.9% sodium chloride (Saline). Morphine was obtained from Henry
Schein, Indianapolis IN. The morning after groups were assigned, all rats received 15 min
access to 0.15% sodium saccharin solution instead of water. Five min following saccharin
exposure, rats received an intraperitoneal injection of either saline or morphine depending on
group assignment. This was repeated every third day for a total of 8 trials. Rats were given the
standard 15 min access to water on the two days between saccharin trials.
2.4. Histology
At the completion of behavioral testing, rats in the BLAX group were deeply anesthetized with
sodium pentobarbital (100 mg/ml) and transcardially perfused with buffered saline followed
by 4% buffered formalin. The brains were removed and stored in 4% buffered formalin
followed by 20% sucrose for a minimum of two days each. The brains were frozen, sliced on
a cryostat at 50 μm, stained with cresyl violet and evaluated under a light microscope (Zeiss
Axioskop 40). Drawings of the lesions were made on diagrams obtained from the Paxinos and
Watson [38] atlas, and representative digital photomicrographs of BLA lesions were taken
using Q-Capture software (Quantitative Imaging Corporation, Burnaby BC).

3. Results
NIH-PA Author Manuscript

3.1 Anatomical
Results of the histological examinations are represented in Fig. 1. The location and extend of
the lesions were identified by the loss and shriveling of cell bodies as well as the presence of
pyknotic nuclei and/or gliosis. As shown in the figure, the lesions were centered in the BLA.
In some cases, damage extended into surrounding areas including the central nucleus of the
amygdala, the dorsal endopiriform nucleus as well as layer 3 cortex subjacent to BLA. These
encroachments outside the BLA were minimal and unilateral. Rats with unilateral lesions (n
= 5) or subtotal lesions (n = 2) were excluded from further analysis. Furthermore, five SHAM
subjects were excluded either for failures to drink adequately during water acclimation or for
health reasons unrelated to the study. The final numbers of animals in each group were as
follows: BLAX-Saline = 8, BLAX-Morphine = 9, SHAM-Saline = 9 and SHAM-Morphine =
5.
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Prior to the first conditioning trial, mean (±SE) water consumption was calculated for SHAM
and BLAX groups from the three most recent 15 min water intake trials, with the following
results: SHAM-Saline = 18.9 (±1.09) ml, SHAM-Morphine = 18.7 (±1.43) ml, BLAX-Saline
= 18.2 (±0.98) ml and BLAX-Morphine = 19.4 (±0.93) ml. An analysis of variance conducted
on the data from which the means were derived found no significant effect of Lesion (F < 1)
or US (F < 1), a quasi factor at this time, on water consumption prior to the first conditioning
trial.
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Saccharin consumption data from the eight trials of the experiment are shown in Fig. 2.
Inspection of the graph suggests that morphine treated rats drank less saccharin than saline
treated rats on Trials 2–8. Furthermore, this intake suppression seems more pronounced in
SHAM subjects relative to the BLAX rats. These characterizations of the results were supported
by the statistical analysis which revealed significant main effects of US, F(1,27) = 66.42, p <
0.001, and Trial, F(7,189) = 2.25, p < 0.05 as well as significant interactions of US x trial, F
(7,189) = 28.31, p < 0.001 and, more importantly, US x trial x lesion, F(7,189) = 4.00, p <
0.001. Post hoc comparisons revealed that the SHAM-Saline group drank significantly less
saccharin on Trial 1 than on each of the other seven trials (ps < 0.001); an identical pattern of
significance was found in the BLAX-saline rats. In the SHAM-Morphine group, saccharin
intake on Trial 1 was significantly higher than on each of the next 7 trials (ps < 0.001).
Compared to the steady decline in the saccharin consumption of the SHAM-Morphine subjects,
a different pattern of ingestion emerged in the BLAX-Morphine group, which demonstrated
some intake suppression over the first few trials and a recovery back to the level of saccharin
intake observed on Trial 1. More specifically, post hoc analyses revealed significant differences
between saccharin intakes on Trial 1 and each of the next four trials (Trials 2–5; ps < 0.05) for
the BLAX-Morphine rats. However, the amount of saccharin consumed on each of the next 3
trials (Trials 6–8) was not significantly different from that of Trial 1 (ps > 0.05). Finally,
saccharin intake on Trial 8 was significantly higher for the BLAX-Morphine rats than the
SHAM-Morphine subjects (p < 0.001). These results indicate that although contingent
injections of morphine initially reduced intake of saccharin in both SHAM and BLAX animals,
the BLAX rats, unlike the SHAM subjects, failed to maintain this avoidance over the course
of the experiment. Instead, over the final trials of the experiment, the saccharin intake of the
BLAX-Morphine rats returned to the pre-morphine injection intake levels of Trial 1.

4. Discussion
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On the final trial of the experiment, the SHAM-Morphine rats consumed 2.6 ml of the saccharin
CS whereas the SHAM-Saline control subjects drank 20.8 ml. As expected then, neurologically
intact animals demonstrated morphine-induced taste avoidance. Although the BLAX-Saline
rats performed in a manner identical to that of the SHAM-Saline subjects, BLA lesions were
found to disrupt morphine-induced saccharin avoidance. How is this pattern of spared and
impaired functions in BLAX rats to be explained?
Before considering interpretations of data from the BLAX-Morphine rats, it is necessary to
discuss briefly the performance of the BLAX-Saline subjects. These rats displayed normal taste
neophobia. Previous research shows that BLA lesions attenuate the magnitude of the initial
neophobic response to a novel saccharin solution without influencing levels of intake at
asymptote when the taste is perceived as familiar and safe [20]. It was, therefore, surprising
that an attenuation of neophobia was not evident in the performance of the BLAX-Saline rats
in the present experiment. Although we have no explanation for this unexpected null effect,
clearly the performance of the BLAX-Morphine rats cannot be explained in terms of a lesioninduced impairment in the detection or processing of the saccharin CS.
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Relative to their intake on Trial 1, the BLAX-Morphine rats displayed normal levels of
saccharin avoidance over the first few trials. But, this avoidance dissipated over the second
half of the experiment. Thus, the saccharin intake of the BLAX-Morphine rats on Trial 8 was
not significantly different from the amount they consumed on Trial 1 (although, it should be
noted, it was substantially lower than the saccharin intake of the BLAX-Saline rats on Trial
8). Explanation of the pattern of results found in the BLAX-Morphine rats is not immediately
obvious. We can, however, entertain two potential interpretations.
First, It is by now well established that drugs of abuse suppress CS intake in a manner that is
very different from toxin-induced CS suppression. That is, as determined with taste reactivity
methodology, whereas the latter involves the acquisition of a conditioned disgust response to
the CS, the former does not (e.g., [31–34,36]; for reviews see [35,37]). Unfortunately, the
nature of the CS suppression cannot be articulated with any degree of confidence when a drug
of abuse serves as the US. Until recently, we would have argued for a lesion-induced disruption
of a reward comparison mechanism [9,11] as we did for the effect of GT lesions on the same
phenomenon. However, Lin et al. [19] revealed shortcomings that cast doubt on this mechanism
as a viable account of CS avoidance. Nonetheless, whatever the nature of the suppression
mechanism that underlies drug-induced CS avoidance in neurologically intact rats, one
potential interpretation of the present results is that BLA lesions compromise the normal
functioning of that mechanism.
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An alternative interpretation of the present results is based on the finding reported by Siegel
et al. [45] that in neurologically intact rats the magnitude of the morphine-induced taste
avoidance attenuates with repeated saccharin-morphine trials. More specifically, Siegel et al.
examined saccharin intake in groups of rats given different doses of lithium chloride (6 or 12
mg/kg) or morphine (5, 15 or 40 mg/kg) or control injections of saline over the course of an
experiment that involved an unprecedented 40 conditioning trials. The rats in the 15-mg/kg
morphine group showed conditioned avoidance of the saccharin CS over the first four trials.
Given the large number of conditioning trials, data for the whole experiment were collapsed
into four-trial blocks. Siegel et al. reported that the 15-mg/kg group drank less saccharin during
the second and third blocks than the first block of trials. Thereafter, the saccharin consumption
of these rats began to increase gradually across blocks such that intake during the fourth and
later blocks was at least equal to that during block 1. Indeed, by block 10 (i.e., Trials 37–40)
saccharin intake was significantly higher than that found during block 1. It should be noted,
however, that during block 10 the 15-mg/kg group was drinking less saccharin than the salinetreated control subjects. So, after 40 conditioning trials, these rats were still showing morphineinduced saccharin avoidance, albeit at a significantly weaker level than the maximal avoidance
observed during the second and third blocks of conditioning trials. In explanation of this pattern
of results, Siegel et al. suggested that, with repeated administrations, tolerance develops to the
morphine US thereby leading to a decrease in saccharin avoidance over the course of the later
trials relative to the initial trials. An alternative interpretation of the present results, then,
suggests that BLA lesions facilitate the development of tolerance to morphine which,
presumably, leads to a faster than normal reduction in the effectiveness of the drug US to
support conditioned avoidance of the saccharin CS.
In recent years, the BLA has been implicated in a number of psychoactive drug-related tasks.
For instance, exposure to a drug-paired cue elicits c-Fos expression in the BLA [5,13,14,
29,56]. Furthermore, permanent lesions [24,49] or temporary pharmacological inactivation of
the BLA [12,15,23], like the inhibition of protein synthesis in the BLA [18], impair expression
of conditioned cue-induced reinstatement of drug-seeking/guided behavior. Thus, irrespective
of the nature of the disrupted mechanism, the results of the present experiment add to a growing
literature that indicates that the BLA has an important role in some of the processes involved
in drug addiction.
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There are two clear directions for future research. First, it is imperative to develop new ideas
about the nature of the suppression that occurs when orally consumed stimuli are paired with
drugs of abuse as well as the role of drug tolerance in this process. Second, more
neurobiological research is needed that compares and contrasts the similarities and differences
between toxin-induced (i.e., CTA) and drug of abuse-induced CS suppression/avoidance. At
present, three forebrain structures have been implicated in drug-induced CS avoidance: GT,
IC and BLA. The most immediate goal is to determine whether these nuclei serve
interdependent or independent functions. This neurobehavioral approach is expected to
contribute to a better understanding of the mechanism(s) involved in drug-induced CS
avoidance in neurologically intact subjects.
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Fig. 1.
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Series of reconstructions (A) of the largest (gray) and the smallest (black) lesions of the
basolateral amygdala (BLA) complex at four coronal levels (−1.80, −2.28, −2.76, −3.24 mm
posterior to bregma; the diagrams were adapted with permission from plates in Paxinos and
Watson [38] atlas). Digital photomicrographs of coronal brain sections at the level of the
amygdala of a neurologically intact subject (B) and a rat with excitotoxic lesions of the BLA
(C; the dashed lines shows the extent of cell loss). Abbreviations: bla, basolateral amygdaloid
nucleus; CNA, central nucleus of the amygdala; DEn, dorsal endopiriform nucleus; la, lateral
amygdaloid nucleus.
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Fig. 2.
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Mean (±SE) 15 min intake (ml) of 0.15% saccharin across 8 trials in non-lesioned control
(SHAM) subjects and rats with excitotoxic lesions of the basolateral amygdala (BLAX) that
were injected with either 15 mg/kg morphine sulfate (Morphine) or an equivalent volume of
physiological saline (Saline).
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